The HpaI E fragment (0-4.5 map units) of adenovirus type 2 (Ad2) DNA was cloned in the plasmid vector pBR322. Excision of the viral insert with PstI and XbaI generated a fragment which comigrated with Ad2 XbaI-E (0-3.8 map units), and this fragment was ligated to the 3.8-100 fragment generated by XbaI cleavage of the DNA of the Ad5 mutant, dl309 (N. Jones and T. Shenk, Cell 17:683-689, 1979). Transfection with the ligation products resulted in the production of progeny virus which was able to replicate on both HeLa and line 293 cells, demonstrating the biological activity of the sequences rescued from the plasmid. Small deletions were introduced around the SmaI site (map position 2.8) within the cloned viral insert, and the altered DNA sequences were reintroduced into progeny virus as described above. The mutant viruses grew well on line 293 cells but plaqued with greatly reduced efficiency on HeLa cells, exhibiting a host range phenotype similar to previously described mutants with lesions located within this region of the genome. When plasmid-derived left-end fragments containing pBR322 DNA sequences to the left of map position 0 were ligated to the 3.8-100 fragment of dl309 DNA, the infectivity of the ligation products was not reduced. However, all progeny viruses examined yielded normal-size restriction enzyme fragments from their left-hand ends, indicating that the bulk of the pBR322 DNA sequences are removed either prior to or as a consequence of the replication of the transfecting DNA molecules.
The HpaI E fragment (0-4.5 map units) of adenovirus type 2 (Ad2) DNA was cloned in the plasmid vector pBR322. Excision of the viral insert with PstI and XbaI generated a fragment which comigrated with Ad2 XbaI-E (0-3.8 map units), and this fragment was ligated to the 3.8-100 fragment generated by XbaI cleavage of the DNA of the Ad5 mutant, dl309 (N. Jones and T. Shenk, Cell 17:683-689, 1979 ). Transfection with the ligation products resulted in the production of progeny virus which was able to replicate on both HeLa and line 293 cells, demonstrating the biological activity of the sequences rescued from the plasmid. Small deletions were introduced around the SmaI site (map position 2.8) within the cloned viral insert, and the altered DNA sequences were reintroduced into progeny virus as described above. The mutant viruses grew well on line 293 cells but plaqued with greatly reduced efficiency on HeLa cells, exhibiting a host range phenotype similar to previously described mutants with lesions located within this region of the genome. When plasmid-derived left-end fragments containing pBR322 DNA sequences to the left of map position 0 were ligated to the 3.8-100 fragment of dl309 DNA, the infectivity of the ligation products was not reduced. However, all progeny viruses examined yielded normal-size restriction enzyme fragments from their left-hand ends, indicating that the bulk of the pBR322 DNA sequences are removed either prior to or as a consequence of the replication of the transfecting DNA molecules.
The left-hand 11% of the genomes of adenovirus serotypes 2 and 5 (Ad2 and Ad5) contains genes which play important roles in both cellular transformation and the early stages of lytic virus infection (reviewed in reference 35). This early region (El) contains two separate transcription units, Ela (map coordinates 1.4-4.4) and Elb (4.5-11.2) (38) . Several overlapping spliced mRNA's are specified by both Ela and Elb (3, 7, 21, 32) , and a number of polypeptides encoded by these regions have been identified (14, 16, 18, 22, 28, 36) .
The presence of overlapping genes considerably complicates the investigation of the roles of individual El polypeptide products during the lytic cycle and in transformation. Recently, host range (hr) mutants of Ad5 have been isolated (17, 19) and are proving useful in the analysis of these processes (2, 20, 22) . These mutants, which exhibit defects in transformation (11, 19) (17) . hr mutants were grown on line 293 cell monolayers. Ad2, d1309, and hr mutant viruses were purified, and their DNAs were extracted as previously described (24) .
DNA transfections. Monolayers of line 293 cells were infected with DNA by the calcium phosphate precipitation method (13) followed by a "boost" using 20% glycerol at 4-h postinfection (9, 33) . Infected plates were overlaid with 0.7% agar, and single, wellisolated plaques were picked for analysis.
Restriction endonuclease digestions and gel electrophoresis. Restriction enzymes were obtained from Bethesda Research Laboratories or New England Biolabs, and the conditions for digestion of DNA were as recommended by the supplier. DNA fragments were separated by electrophoresis through 1% agarose or 7% acrylamide gels; the fragments were stained in buffer containing 0.5 Mug of ethidium bromide per ml and visualized during illumination with UV light (31 (10) . Plasmids were extracted from 2-ml bacterial cultures started from single independent transformed colonies and screened for their susceptibility or resistance to SmaI digestion as described by Gluzman et al. (10) .
Growth of plasmids. Cultures (200 ml) of bacteria were grown in broth containing 15 and A exonuclease on the 5' termini (6), would also be expected to prevent the direct ligation of these ends to other DNA molecules. To enable the molecular cloning of terminal DNA fragments, use was therefore made of their accessible 3' ends. The unseparated HpaI fragments of Ad2 DNA were tailed with dC residues by using terminal transferase and annealed to pBR322 tailed with dG residues at the single PstI site. This procedure. results in the regeneration of PstI sites (as described later and illustrated in Fig. 5a ) and therefore permnits excision of the viral insert from the plasmid. After transfection of 3 x 108 E. coli x1776 with an annealed mixture containing 250-ng-tailed pBR322 and 250-ngtailed HpaI fragments of Ad2, over 100 colonies which hybridized to 32P-labeled Ad2 SmaI J fragment (0-2.8 map units) were obtained (see Materials and Methods). Two such colonies were purified, and the plasmids (HE3 and HE4) were prepared from them and analyzed in detail. PstI digestion of both HE3 and HE4 yielded two fragments, one of which comigrated with linear pBR322, whereas the other exhibited a slightly slower mobility than the Ad2 HpaI E fragment ( Fig. la) . There are no cleavage sites for PstI within the HpaI E fragment, and the slightly reduced mobility of the cloned viral fragments is probably because of the presence of the dGdC tails. Digestion of HE3 and HE4 with XbaI, which cleaves at a single site in the viral insert, and EcoRI, which has a single site within the pBR322 sequences, demonstrates that the viral fragments are inserted in opposite orientations in these plasmids ( Fig. lb and d) . A fragment which comigrated with the terminal XbaI E fragment was generated by double digestion with XbaI and PstI (Fig. lc) .
Cloned sequences retain their biological activity. The products of XbaI plus PstI digestion of HE3 or HE4 were ligated to the large fragment generated by XbaI cleavage of d1309 DNA (d1309 A), purified as described in Materials and Methods. One of the products of the ligation would be expected to correspond to an intact adenovirus genome composed of fragments with map coordinates 0-3.8 and 3. Table 3 ). The Ela functions specified by the cloned HpaI E fragment and required for viral replication on HeLa cells (17, 19) are therefore expressed when this DNA fragment is reconstituted into an intact viral genome. The XbaI site was regenerated in the DNAs of all rescued virus examined, and digestion with other restriction enzymes indicated that normalsized fragments were produced from the lefthand end of these DNAs (e.g., compare XbaI and SmaI digests of 3/1 and d1309 DNAs in Fig.  4) .
Mutagenesis of plasmid HE4. The above experiments indicated that fragments corresponding to Ad2 XbaI E could be excised from plasmids HE3 and HE4 and transferred to nondefective progeny virus. This suggested that it might be possible to introduce mutations into the cloned viral sequences and use a similar technique to generate viruses carrying these lesions. The use of line 293 cells for the initial DNA transfections would permit the isolation of mutants with lesions in essential (in addition to nonessential) DNA sequences, provided that the Ela products expressed by the line 293 cells could complement the resulting defects.
To test this system, small deletions were introduced into plasmid HE4 around the single SmaI site (2.8 map units on the Ad2 genome). The plasmid was cleaved with XmaI (an isoschizomer of SmaI which generates a 5' overhang of four nucleotides upon cleavage; reference 8). The resulting linear molecules were treated sequentially with Si nuclease and DNA ligase, and the ligation products were used to transform E. coli X1776. Twenty tetracycline-resistant colonies were picked, small-scale plasmid extractions were performed, and the products were incubated with SmaI. Six plasmids resistant to enzyme digestion were obtained (see Materials and Methods for details). Figure 2 shows the products of digestion of the wild-type plasmid (HE4) and two SmaI-resistant plasmids, Sxl (Fig. 3) All three viruses yielded two XbaI fragments indistinguishable from those generated from d1309 DNA, demonstrating the regeneration of the XbaI site upon ligation and consistent with the presence of only small deletions around the SmaI site of the mutant plasmids.
Viruses which have lost the SmaI site at 2.8 map units exhibit a host-range phenotype. The virus from independent plaques picked from plates infected with d1309 A and the fragments derived from plasmids HE4, Sxl, or Sx15 was passaged on line 293 cells, and the yield of progeny was titrated on line 293 and HeLa cells. Table 3 shows the titers of d1309 and two known hr mutants of Ad5 (d1312 [19] and hr 1 [17] ) on these two cell lines. d1309 and rescued virus containing sequences from plasmid HE4 (3/1 and 3/2) plaqued with approximately equal efficiency on the two cell lines, whereas hr 1, dl312, and viruses rescued using plasmids Sxl (4/1 and 4/2) and Sx15 (6/1 and 6/2) all showed a greatly reduced efficiency of plaquing on HeLa cells. The SmaI site mutants constructed with in vitro-mutagenized plasmid, therefore, exhibit a host-range phenotype similar to that previously described for hr 1 and d1312. It should also be noted that the plaques produced by all the hr mutants (i.e., d1312, hr 1, 4/1, 4/2, 6/1, and 6/2) on HeLa cells were very much smaller and less distinct than those produced by the wild-type viruses (dl309, 3/1, and 3/2).
Structure ofthe left-hand ends ofrescued virus. The DNA sequences present at the left- (19) and two known hr mutants d1312 (19) , and hr 1 (17) . hand termini of viruses rescued by using the plasmid-derived Ad2 XbaI E fragment are of particular interest. The nucleotide sequences at these termini, and at the junctions between the pBR322 and Ad2 DNAs in the plasmids HE3 and HE4, have not yet been determined. However, the facts that the HpaI E fragment was cloned by dG-dC tailing and the resulting plasmids (HE3, HE4) contain a PstI site corresponding to 0 map units on the viral genome indicate that the left-hand end of the viral fragment (0-3.8) cleaved from the plasmids is not identical to the corresponding end ofthe authentic Ad2 XbaI E fragment. Thus, the DNA sequences present at the left-hand terminus of genomes reconstructed by ligation with plasmid-derived DNA fragments differ from those found on DNA extracted from virions (Fig. 5a ). Transfection with these molecules nevertheless results in the generation of progeny virus.
(a) pBR322 DNA Fig. 1 ).
Transfection with these molecules resulted in the production of plaques with an efficiency similar to that obtained in parallel experiments by using the same quantities of the plasmid DNAs cleaved with XbaI and PstI (Table 4) .
Plaques were picked from the infected monolayer, the virus was passaged once on line 293 cells, and the structure of the viral DNA was examined. The left-hand terminal KpnI fragment, H, generated from the DNA of each of the viruses rescued with either EcoRI plus XbaI-, or PstI plus XbaI-digested plasmid DNA was indistinguishable in size from that obtained after KpnI cleavage of dl309 DNA (Fig. 5b) . Similarly the SmaI terminal fragment, K, obtained from viruses rescued with the wild-type plasmid DNAs, HE3 and HE4, also exhibited the same mobility as the corresponding d1309 DNA fragment, irrespective of whether the plasmids had been digested with EcoRI plus XbaI, or PstI plus XbaI. In the case of viruses rescued using Sxl DNA cleaved with either combination of restriction enzymes, the SmaI site at 2.8 was missing, confirming that these viruses contained plasmid-derived DNA sequences and the new terminal fragments all exhibited the same mobility (Fig. 5c) .
These experinents therefore indicate that al- though the initial transfecting molecules must contain additional pBR322 DNA sequences linked to the viral genomes at position 0, the bulk of these sequences are not present in progeny virus DNA. DISCUSSION Hybrid clones containing the Ad2 HpaI E fragment (0-4.5 map units) inserted into the PstI site of the plasmid vector pBR322 were constructed by using the dG-dC tailing procedure. This method circumvents problems associated with the presence of residual amino acids of the terminal protein which remain linked to the 5' terminus of each strand after protease treatment of the viral DNA and has the advantage that the PstI recognition sites are regenerated (Fig. 5a ) enabling excision of the viral inserts from the plasmids. In addition to the HpaI E fragment described here, a variety of other terminal fragments from the left-hand 9% of the Ad2 genome have also been successfully cloned by using this procedure.
A fragment corresponding to Ad2 XbaI-E (0-3.8 map units) was excised from the HpaI-E plasmids (HE3 and HE4) by cleavage with PstI and XbaI, and after ligation of this fragment to the remainder of the viral DNA (dl309 A fragment 3.8-100), intact genomes capable of replication on line 293 cells were produced. Because progeny virus was also able to grow on HeLa cells, the region la functions specified by the cloned viral DNA sequences must have retained their biological activity. This result suggested that it would be possible to introduce mutations into the cloned viral insert and then transfer these altered DNA sequences to progeny virus. Using plasmid DNAs as the substrate for mutagenesis has several advantages because mutations can relatively easily be introduced into specific regions, the altered viral sequences can be readily cloned and amplified, and their lesions can be characterized before transfer to intact viruses.
This paper describes the production of adenovirus mutants which lack the SmaI site at 2.8 map units. These viruses were constructed by ligating the 0-3.8-map-unit fragment from SmaI-resistant derivatives of plasmid HE4 to the dl309 A fragment. SmaI cleaves Ad2 and Ad5 DNAs 13 times; therefore, the probability of generating this type of mutant by the procedure of Jones and Shenk (19) , which depends on restriction enzyme cleavage of full-length viral DNA followed by religation of the fragments, is exceedingly low. In addition virus from each of the plaques tested contained left-end sequences derived from the plasmid DNA, making it unnecessary to screen large numbers of plaques to obtain the desired mutant. TAA 7 and Fig. 6 ). Thus, provided that the 12S and 9S mRNA's are synthesized, processed, and Lranslated normally, the new lesions will affect only one of the products of these overlapping genes. The virus mutants obtained exhibited a host-range phenotype similar to that previously described for other Ela mutants (17, 19) , and a series of viruses containing different lesions around the SmaI site is being characterized in detail to determine the nature of the defect.
The approach described here, in which mutations are initially introduced into cloned viral sequences and then transferred to progeny virus, depends for its success on the availability of permissive cell lines which can complement defects resulting from the mutagenesis. In the experiments described here, the ability of line 293 cells to complement defects in Ela (9, 17, 19) 
